The purpose of this study is to develop a method for detecting small internal fatigue cracks in Ti-6Al-4V by using synchrotron radiation provided at SPring-8. An electro-hydraulic fatigue testing machine was carried into the facility and a combination of uniaxial fatigue tests and micro computed tomography (μCT) imagings were conducted. The small specimen without size effect was newly designed for μCT imaging. The conditions of the fatigue tests were determined to observe internal crack initiations within the available time at the facility. To obtain a clear and accurate image of internal cracks, several important parameters for μCT imaging such as the crack opening load, the distance between detector and specimen, were optimized. As a result, multiple internal fatigue cracks sized around 30 μm or below were successfully detected.
Introduction
In recent years, very high cycle fatigue (VHCF) and gigacycle fatigue have become serious issues in the field of mechanical engineering (Sakai, 2009) . The VHCF phenomenon is mainly characterized by an internal fracture in cycles over 10 7 -10 8 . This type of fracture has been observed not only in ferrous metals but also in Ti alloys (Neal, et al., 1976 , Atrens, et al., 1983 , Oguma and Nakamura, 2010 . Especially in Ti-6Al-4V, a remarkable decrease of fatigue strength is evident in internal fractures compared with surface fractures. However, the mechanism of internal fracture is not yet fully understood, mainly because of the difficulty of detecting internal fatigue cracks owing to their small size. Especially for Ti-6Al-4V, the internal crack usually originates from α grains a few dozen micrometers in size. This means that the crack length just after initiation is several tens of micrometers. Although industrial X-ray computed tomography (CT) has been widely used for non-destructive inspection (NDI), its spatial resolution is only around a few hundred micrometers and not sufficient to detect such a small crack in Ti-6Al-4V.
Recently, micro computed tomography (μCT) imaging using synchrotron radiation has attracted attention in the area of high spatial resolution NDI (Maire and Withers, 2014, Dezecot, et al., 2016) . One of the largest synchrotron radiation facilities, SPring-8 in Japan, can provide ultrabright light one hundred million times brighter than standard industrial X-rays. Synchrotron radiation shows much promise for the detection of microscopic regions (second phase particles, voids, cracks, etc.) having a different density than the surrounding matrix. Actually, Nakai et al. succeeded in detecting minute inclusions with a size on the order of a few micrometers (Nakai, et al., 2007) . Toda observed the opening behavior of fatigue cracks in dual phase steel (Toda, et al., 2012) , and Nakayama also detected fatigue cracks in Al alloy, mild steel, and Ti alloy (Nakayama, et al., 2003) . These results suggest that μCT imaging might be able to detect the minute internal fatigue cracks initiated in Ti-6Al-4V in the VHCF regime.
With the above as a background, we set a target in the present study to develop a method of detecting internal fatigue cracks in Ti-6Al-4V by using synchrotron radiation provided at SPring-8. An electro-hydraulic fatigue testing machine was carried into the facility and a combination of uniaxial fatigue tests and μCT imagings were repeated. To find a suitable procedure to detect an internal crack with a clear image within the available time at SPring-8, we optimized the specimen shape, the conditions of the fatigue tests, and several important parameters for μCT imaging. As a result, multiple internal cracks sized about 30 μm or below, which is comparable to the grain size, were successfully detected. The capability of µCT imaging to detect such small cracks has a great importance in the progression of VHCF research since the major part of fatigue life is likely spent in the small crack growth process. In this paper, we report the results and the technique to observe small internal fatigue cracks as a novel NDI approach useful for VHCF researchers.
Experimental procedures for fatigue tests 1. Materials
The experimental material was Ti-6Al-4V, an (α+β) Ti-alloy. The chemical composition of this material is provided in Table 1 . The supplied material was a 20-mm-diameter round bar heat treated by solution treatment at 1203 K for 3.6 ks followed by air cooling and over aging at 978 K for 7.2 ks followed by air cooling. The microstructure consists of α phase and β phase with fine precipitated α, as shown in the SEM image in Fig. 1 . The average grain size of each phase was 10 µm. Table 2 lists the mechanical properties after the heat treatment; the tensile strength and the elongation were 943 MPa and 17%, respectively. 
Specimens designed for μCT imagings and fatigue tests
The diameter of the sample had to be small enough for synchrotron radiation to penetrate. The imaging system used at SPring-8 in the present study requires that the sample diameter of Ti-6Al-4V be less than 2 mm. Therefore, the small sample shown in Fig. 2 was designed. The samples were lathe turned from the above mentioned heat treated bar and then finished with #120-#1500 grit emery paper to remove the work hardened layer. The diameter after finishing was 1.8 mm. To put a small-diameter-sample in the fatigue testing machine, a specimen assembly with gripping devices was designed as shown in Fig. 3 . The assembly consists of Parts-1, -2, and -3, where Part-1 is the testing sample and Part-2 is the gripping device that is fastened to the sample with Part-3. Parts-2 and -3 were made from chromium molybdenum steel having a higher fatigue strength than Ti-6Al-4V in order to avoid fracturing these parts.
3. Basic fatigue properties of the designed specimen
In general, fatigue life and fatigue strength increase with decreasing the volume of a specimen. This phenomenon is known as the size effect and is regarded as smaller in axial loading tests than in other loading methods such as rotating bending, which cause stress gradient in a specimen. To investigate the size effect of the small sample shown in Fig. 2 , we conducted basic fatigue tests and compared the results with our previous study using specimens having a 4-mm diameter (Oguma and Nakamura, 2010) .
A compact type electro-hydraulic servo testing machine developed at our laboratory was used for the basic fatigue tests. These tests were conducted at Hokkaido University prior to the μCT imaging experiments at SPring-8. Fig. 4 shows the appearance of the testing system carried into a preparation room at SPring-8, as discussed later. As for basic fatigue tests, the same system was used.
Sine-wave loading with a stress ratio of R = 0.1 and a frequency of f = 120 Hz-250 Hz was applied at room temperature in the atmosphere. The obtained S-N diagram is shown in Fig. 5 . Open symbols and solid symbols indicate the results of a 4-mm-dia specimen and a 1.8-mm-dia specimen, respectively. Circles indicate data fractured from the specimen surface, diamonds indicate data fractured from the interior of specimens, and inverted triangles indicate data fractured by the coalescence of small cracks initiated from both the surface and interior. In the 4-mm-dia specimen, fracture occurs from the surface under high stress but from the interior under low stress. A similar trend is observed in the 1.8-mm-dia specimen, and its fatigue life is almost the same as that of the 4-mm-dia specimen. Therefore, in this study we consider the specimen sized 1.8 mm in diameter to be adequate from the viewpoint of little size effect. Fig. 4 Compact electro-hydraulic servo fatigue testing machine. This is the system carried into the preparation room at SPring-8. 
4. Stress and number of cycles applied to the specimen before μCT imaging
The available operation time for μCT imaging at SPring-8 was limited to 48 hours. To detect internal cracks in this short period, the cyclic stress of fatigue loading had to be chosen carefully. As shown in Fig. 5 , the maximum stress σ max was determined as 650 MPa since internal fractures certainly occur around 2-4×10 7 cycles, which is a relatively small number of cycles in the VHCF regime. In the present study, the iteration of µCT imagings and fatigue tests was planned. To reduce the time spent on fatigue tests at SPring-8, pre-fatigue loading was applied to the specimen at Hokkaido University in advance. The number of cycles for the pre-fatigue loading was set to 1.1×10 7 cycles under the condition of σ max : 650 MPa, stress ratio: 0.1, and frequency: 170 Hz. This number of cycles was chosen as the cycle around which internal cracks likely initiate. The fatigue tests at SPring-8 that followed were conducted under the same conditions.
3. Procedures and conditions for μCT imaging 3. 1. Imaging system µCT imagings were carried out at the second hutch of the medium-length beamline BL20XU at SPring-8. Fig. 6 shows the imaging system, which consists of a light source, optical system, detector, and specimen. The light source is a hybrid-type in-vacuum undulator. The optical system consists of a double crystal monochromator (Si 111-111) and slit. The maximum X-ray energy available in this configuration is 37.7 keV. A visible-light conversion type X-ray image detector was used. The specimen assembly was set on a rotating table, and X-rays propagated perpendicularly to the loading axis of the specimen. The µCT images were created from omnidirectional X-ray intensities obtained by rotating the table around the longitudinal axis. The whole parallel part of the specimen (ϕ1.8 mm × 3 mm) was observed with the pixel size of 1.5 µm, and 3D information inside of the specimen was acquired. Fig. 6 µCT imaging system at BL20XU at SPring-8. Fig. 7 Tensile loading grip.
As mentioned in Chapter 1, an internal crack usually initiates at α grain. This means that the size of the initial crack would be a few dozen micrometers. In addition, fatigue cracks are assumed to close under unloading conditions. It seems to be difficult to detect such a small closed crack, so we developed a new tensile loading grip to open the crack during µCT imaging. Fig. 7 shows this tensile loading grip, which consists of a load cell, PMMA cylinder, adjuster, and specimen. The adjuster can precisely set the tensile load by using the output of the load cell. For the µCT imaging, the tensile loading grip was placed on the rotating table and an X-ray irradiated the specimen through the PMMA cylinder.
To detect small internal cracks, we applied two different imaging techniques: absorption contrast and refraction contrast. Absorption contrast is widely used in the conventional X-ray CT, which utilizes a distribution of X-ray linear absorption coefficients as a function of chemical composition or density of materials. This is a very popular procedure at BL20XU at SPring-8, where a high-definition and high-throughput micro-tomography system has been developed (Uesugi, et al., 2009) . When a crack exists in a sample, the absorption of X-ray in the crack is smaller than that at the surrounding matrix because of the negligible density. Such a difference can theoretically detect the crack, but it might not be effective if the crack opening is extremely small. In the present study, therefore, we also use the refraction contrast. When the parallel beam of an X-ray passes through a sample including a crack, it refracts at the boundary between the crack and the surrounding matrix. The refracted X-ray is detected at a position slightly different from where the X-ray should have traveled if it had gone straight. The edge-enhanced image can then be observed at the boundary (Suzuki, et al., 2002) . This refraction contrast imaging can only be performed by the highly directional X-ray beam provided at third-generation large-scale synchrotron radiation facilities, of which SPring-8 is one (Nakayama, et al., 2003) . This technique actually contributes to the detection of fatigue cracks, voids, or inclusions (Nakayama, et al., 2003 , Nakai, et al., 2007 .
In the refraction contrast, the effect of edge enhancement increases with increasing the distance between the sample and the detector, while in the absorption contrast, the spatial resolution of an image increases with decreasing the distance between the sample and the detector. In the present study, the optimum value is investigated by changing the distance, as described in the next section.
2. Imaging condition
In the present study, we set the X-ray energy to 37.7 keV. The specimen was rotated about the longitudinal axis from 0° to 180° in increments of 0.1°. After each increment, the X-ray image was measured by the detector with an exposure time of 0.5 s.
This study focused on two parameters to optimize the condition of µCT imaging: one, tensile load to open the internal crack, and two, the distance between specimen and detector. Three tensile loads, 0, 800, and 1300 N, were used under the same distance (= 300 mm), as shown in Table 3 . These values corresponded to 0, 48, 78% of the maximum stress (= 650 MPa), respectively. As shown in Table 4 , four different distances were used under the same load (= 1300 N) to find out the optimum condition for ensuring a balance between absorption contrast and refraction contrast. From the measured X-ray intensity, transverse section images were created by µCT imaging, and a 3D image of the parallel part of the specimen was reconstructed on the basis of a convolution back projection algorithm, as shown in Fig. 8 . Then, longitudinal section images were obtained by slicing the 3D image with Image-J image software (Schneider, et al., 2013) to detect and observe the small internal crack closely. Table 3 Conditions to find out optimum load in μCT imaging. Table 4 Conditions to find out optimum distance between specimen and detector in μCT imaging. 
Experimental results

1. Detection of internal cracks
In µCT imaging, a region with a lower density than that of the surrounding material, such as a void, a defect, or a crack, appears like a shadow. To find a small internal crack, the projected image perpendicular to the loading axis was first examined in the parallel part of the pre-fatigued specimen cyclically loaded to N = 1.1 × 10 7 cycles. In this trial, the distance between specimen and detector was set to 300 mm and then the tensile load of 1300 N was applied (Table 3) . As a result, a tiny shadow was observed, as shown in Fig. 9 (a) . To confirm whether this spot corresponded to an internal crack or not, the longitudinal sections around the spot were re-sliced from the 3D image. An example of the sliced images is given in Fig. 9 (b) . This figure clearly indicates that the tiny shadow in Fig. 9 (a) is an internal crack with a length of about 35 µm. The crack image sometimes appeared different due to different slicing angles around the longitudinal direction of the specimen, so the sliced section in Fig. 9 (a) was chosen so as to maximize the length of the crack. Repeated observations revealed three other internal cracks at different sites in the specimen. Fig. 10 (a) -(c) shows these cracks. Crack sizes projected to the plane perpendicular to the loading axis were around 20-40 µm (49 µm in Fig.  10 (a) , 25 µm in Fig. 10 (b) , 28 µm in Fig. 10 (c) ). The µCT imaging clarified that at least four small internal cracks comparable to the grain size were initiated in the pre-fatigued specimen. To investigate the crack growth process, fatigue loading and µCT imaging was repeated on the crack shown in Fig.  9 . Cyclic loading was applied up to 1.325 × 10 7 cycles during the available time at the facility; however, apparent crack extension did not seem to be detected. At this stage, it is not clear whether this crack was arrested or not. Many more loading cycles are necessary to clarify the accurate growth behavior of this internal crack. In addition to the cracks shown in Fig. 9 (b) and Fig. 10 , four different cracks were newly found up to N = 1.325 × 10 7 cycles. A total of eight cracks were detected in the present study, which indicates that the fatigue fracture of the specimen is likely to be determined by the competition of multiple internal cracks. Fig. 9 at different number of cycles. Fig. 9 (b) is reprinted on (a).
2. Optimum conditions for µCT imaging
One of the main purposes of the present study is to optimize the condition of µCT imaging. In this section, first, we investigate the effects of tensile load by referencing the results in Table 3 . The target crack was the one in Fig. 11 (d) . The obtained images under different loads are shown in Fig. 12 (a)-(c) . As shown in these figures, the crack image becomes unclear with decreasing tensile load. The clearest image is given at 1300 N. At 800 N, the image is vaguer than that at 1300 N. At 0 N, the crack can still be recognized, but its shape is unclear. It seems difficult to detect this crack if we have no preliminary information indicating that it definitely exists at this position. The above findings demonstrate that the tensile load during µCT observation is absolutely necessary to detect the crack with a few dozen µm and that the value of 1300 N corresponding to about 80% of maximum stress is suitable to obtain a clear crack image. Second, the distance between specimen and detector was changed while focusing on the same internal crack (Fig.  11 (d) and Fig. 12 (c) ). Fig. 13 (a)-(d) shows the results. In these figures, the thickness of the shadow line corresponding to the crack increases with increasing the distance, and it appears that the image in Fig. 13 (d) is the easiest one to detect. However, the length of the crack gets smaller as the distance increases, and Fig. 13 (d) may not show the accurate crack shape and size. According to the absorption contrast mentioned in section 3.1., the spatial resolution of the image increases with decreasing the distance between specimen and detector. From the viewpoint of accuracy, the minimum distance of 154 mm (used in Fig. 13 (a) ) is likely to be suitable. Although, as shown in Fig. 13  (a) , the crack image is not so apparent to be detected reliably. The thickness of the crack part is larger in Fig. 13 (b) than in Fig. 13 (a) , and the edge of the crack is clearer in Fig. 13 (b) than in Fig. 13 (a) . The crack image in Fig. 13 (b) is much easier to detect than the one in Fig. 13 (a) . These phenomena result from the effect of refraction contrast. Since the length of the crack of Fig. 13 (b) is almost the same as that of Fig. 13 (a) , the optimum distance between specimen and detector is considered 300 mm on the basis of the valance between the accuracy and the detection capability. As mentioned above, in this study we succeeded in detecting small internal cracks comparable to the grain size. The tensile load to open the internal cracks and the distance between specimen and detector were optimized to obtain a clear and accurate crack image. Although we were unable to clarify the crack propagation process, the acquired knowledge and techniques for finding internal cracks by using synchrotron radiation will contribute to future study on internal fracture mechanisms in the VHCF regime.
Conclusion
To detect small internal fatigue cracks initiating in Ti-6Al-4V in the VHCF regime, we used synchrotron radiation provided at SPring-8 and conducted a combination of uniaxial fatigue tests and μCT imagings. Our main findings are summarized as follows.
(1) Multiple internal cracks with a size around 30 μm or below were successfully detected in the VHCF regime up to 1.325×10 7 cycles. (2) To create a clear crack image, tensile load is necessary to open the internal crack during μCT imaging. About 80% of maximum stress of fatigue loading was suitable for this purpose. (3) The distance between specimen and detector was optimized in terms of a balance between accuracy and detection capability. The optimum distance was determined to be 300 mm.
